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The normal-state Hall effect and magnetoresisitance (MR) have been measured in the quasi-2D 
heavy fermion superconductor CeCoIns. In the non- Fermi liquid region where the reistivity p xx 
exhibits an almost perfect T-linear dependence, the Hall angle varies as cot 6h oc T 2 and the MR 
displays a strong violation of Kohler's rule. We demonstrate a novel relation between the MR 
and the Hall conductivity, Ap xx /p xx oc (a xy p xx ) 2 . These results bear a striking resemblance to the 
normal-state properties of high-T c cuprates, indicating universal transport properties in the presence 
of quasi-2D antiferromagnetic fluctuations near a quantum critical point. 
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The transport and thermodynamic properties in most 
metals are well described by the conventional Landau 
Fermi liquid theory. Within the last decade, however, an 
increasing number of strongly correlated materials, in- 
cluding heavy fermion (HF) intermetallics, organics, and 
cuprates, have been found to display striking deviations 
from the Fermi liquid, when they are located close to a 
quantum critical point (QCP) In each of these ma- 
terials, chemical doping, pressure, or magnetic field can 
tune the quantum fluctuations at zero-temperature. As a 
result, these systems develop a new excitation structure 
and display novel thermodynamic and transport proper- 
ties over a broad temperature range. It is generally be- 
lieved that the abundance of low lying spin fluctuations 
near the QCP gives rise to a serious modification to the 
quasiparticle masses and scattering cross section of the 
Fermi liquid. In addition, some of these metals show a 
superconductivity. It appears that in these superconduc- 
tors many-body effects originating from the strong spin 
fluctuations associated with the QCP often gives rise to 
unconventional superconductivity, in which Cooper pairs 
with angular momentum greater than zero are formed^. 
The relation, therefore, between unconventional super- 
conductivity and quantum criticality emerges as an im- 
portant issue in strongly correlated systems. 

Despite extensive studies on the non-Fermi-liquid be- 
havior in the vicinity of the QCP, many properties in 
the normal state remain unresolved. In particular the 
detailed transport properties, i.e. how the magnetic ex- 
citations influence the transport properties, are unset- 
tled. For instance, in high-T c cuprates the normal state 
transport properties above the pseudogap temperature 
are known to be quite unusual; the reistivity shows a 
T-linear dependence in a wide T-range, the Hall angle 
6*h varies as cot #h oc T 2 , and the magnetoresisitance 
(MR) displays a strong violation of the Kohler's rule 4J. 
These non-Fermi-liquid features have been controversial 
because they should ultimately be related to the mech- 



anism of the unconventional superconductivity. There- 
fore, in order to obtain deep insight into such unusual 
electronic transport phenomena, it is crucial to clarify 
whether they are universal electronic properties in the 
vicinity of QCP or are specific to high-T c cuprates. 

Recently a new class of HF compounds with chemi- 
cal formula CeMIns, where M can be either Rh, Ir, and 
Co, have been discovered [jj. Among them CeCoIn 5 
is a superconductor with the highest transition temper- 
ature (T c =2.3 K) among all known HF superconduc- 
tors. The normal state of CeCoIns exhibits all the hall- 
marks of quantum criticality. The two key parameters 
of a Fermi liquid, the electronic specific heat coefficient 
7 = C /T and uniform susceptibility xo? increase with de- 
creasing temperature as 7 oc — In T and \o 1/(T + 6), 
in marked contrast with the T-independent Fermi liq- 
uid behavior |M 0. Moreover an almost perfect T-linear 
resistivity 0, 15 is observed from T c up to 20 K. These 
non-Fermi-liquid properties have been discussed in the 
light of the antiferromagnetic (AF) fluctuation near a 
QCP. In fact the NMR spin-lattice relaxation rate obeys 
T^ 1 oc T 1 / 4 , indicating that CeCoIns is situated near 
an AF instability 0. Moreover the microscopic coexis- 
tence of superconductivity and static AF order has been 
reported in Ce(Coi_ a; Rh :c )In5 and Ce(Iri_ :r Rh ;Z :)In5 sys- 
tems 01 . It should be noted that CeCoIn 5 has some 
rescmblence with high T c cuprates. First, the electronic 
structure is quasi-2D, as revealed e.g. by de Haas-van 
Alphen measurements 0. Second, the superconducting 
gap symmetry most likely belongs to the ci-wave class, 
indicating that the AF fluctuation plays an importnat 
role for the occurence of superconductivity [jj, [ill 
Third, a possible existence of the pseudogap was sug- 
gested 13]. In general, extraction of non- Fermi liquid 
properties near the QCP requires high quality single crys- 
tals, since the physical properties are seriously affected 
by small amounts of disorder induced by the chemical 
doping or pressure. CeCoIns is suitable for such a pur- 
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pose because non-Fermi liquid effect can be observed 
in the undoped compound at ambient pressure. Thus 
CeCoIn 5 provides an unique opportunity for investigat- 
ing the transport properties in the presence of strong 2D 
AF fluctuation in the proximity of the QCP. 

In this Letter, we used the Hall effect and the MR 
to clarify the microscopic scattering mechanism respon- 
sible for the unusual physical properties in the quasi-2D 
HF superconductor CeCoIn 5 . The zero field resistivity, 
Hall effect and the MR, all demonstrate a spectacular 
breakdown of Fermi-liquid behavior and show a strik- 
ing similarity to high-T c cuprates. These results enable 
us, as mentioned above, to gain strong insights into the 
transport properties in the presence of the quasi-2D AF 
fluctuations associated with the QCP. 

The high quality single crystals of CeCoIxis (T c =2.3 K) 
were grown by the self-flux method. On cooling from 
room temperature, p xx {H = 0) shows a slight increase 
below ~200 K, followed by a crossover to metallic In- 
dependence below ~ 40 K which seems to correspond to 
the coherent temperature T co h- Below T* ~ 20 K p xx 
displays an almost perfect linear T-dependence down to 
T c , as shown in the main panel of Fig. 1. The in-plane 
diagonal (p xx ) and Hall (p xy ) resistivities were measured 
with current j \\ a and H \\ c, up to 25 T and up to 14 T, 
respectively. We obtained p xy from the transverse resis- 
tance by subtracting the positive and negative magnetic 
field data. We have measured three different crystals and 
obtained similar results. 

We first discuss the Hall effect. Figure 2(b) depicts the 
-ff-dependence of p xy . The Hall sign is negative in the 
present T- and if-range. At high temperatures above 
40 K, p xy is nearly proportional to H, while at lower 
temperatures p xy shows a distinct deviation from the H- 
linear dependence. This also can be seen by the inset of 
Fig. 1, in which p xy /H is plotted as a function of T. The 
data p xy /H at H=0 are obtained by taking the low field 
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FIG. 1: Main panel: Temperature dependence of p xx (0) and 
1/Rn in zero field limit. The dashed straight lines are guide 
for eyes. The arrows indicate T* ~ 20 K, below which T- 
linear p xx and 1/Rn are observed. Inset: p xy /H vs. T at low 
fields. 



limit of -§jf ■ At high temperatures, p xy /H is nearly T- 
independent. As the temperature is lowered, p xy /H at 
H=0 decreases monotonically down to T c , while p xy /H 
at H >1 T turns to increase after going through a min- 
imum above T c . In the main panel of Fig. 1, 1/Rn is 
plotted as a function of T, where Rn(= limn^o 
is the Hall coefficient. A T-linear dependence of 1/Rh 
is observed above T c up to T* ~20 K, as shown by the 
dashed line, while a striking deviation from the T-linear 
dependence is observed at higher temperature. It should 
be stressed that the temperature region of T -linear 1/Rn 
coincides nicely with that of T-linear p xx (see arrow in 
Fig.l), indicating an initimate relation between p xx and 
i?H • The peculiar feature of the Hall effect is further pro- 
nounced by plotting the Hall angle cot0n(= p xx /RnH at 
p H=l T) vs T 2 , as shown in Fig. 3 0. The data fall on 
a straight line in the temperature range below T* ~20 K 
and can be quite well fitted as, 



cot H = aT 2 + (3. 



(1) 



A very small "residual "cot^n , /3 — 0, is similar to 
the high-T c cuprates with low impurity concentration(scc 
Fig. 2 in Ref.Q). We will discuss the origin of this T- 
dependence later. 

The Hall effect in the conventional HF systems has 
been studied extensively and is known to exhibit a uni- 
versal behavior (see Figs. 1 and 2 in Ref. 01)- At 
high temperatures exceeding Tk, the Kondo tempera- 
ture, where the /-electrons are well localized with well- 
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FIG. 2: (a)The magnetoresisitance, Ap xx (H)/p xx (0), as a 
function of H. (b) The field dependence of Hall resistivity 
p xy {H). 
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defined magnetic moments, i?n is mostly positive and is 
much larger than |i?n| in conventional metals. With the 
development of the Kondo coherence as the temperature 
is lowered, i?n decreases rapidly with decreasing T after 
showing a broad maximum at the temperature T < T co h. 
At very low temperature, |-Rh| becomes very small and 
becomes nearly T-independent. These temperature de- 
pendence of i?H have been explained as follows. Gener- 
ally the Hall effect can be decomposed into two terms; 
i?H = Rfi + Rr- Here is the ordinary Hall effect due 
to the Lorentz force and is nearly T-independent within 
the Boltzmann approximation. Meanwhile f?fj represents 
the so-called "anomalous Hall effect" due to skew scatter- 
ing. The latter originates from the assymetric scattering 
of the conduction electrons by the angular momenta of 
/-electrons, induced by the external magnetic field. This 
term is strongly temperature dependent and well scaled 
by the uniform susceptibility, oc xoPxx j0> El or 
K Xo [la- fl7l Il8j. above T coh . The magnitude of i?fj is 
much larger than \R# \ except at T <C T co h where the con- 
tribution of the skew scattering vanishes; hence 
at very low temperatures. 

We will show that the Hall effect in CeCoIn5 shown 
in Figs. 1 and 2(b) is markedly different from those in 
ordinary HF systems. The first important signature is 
that above T co h —40 K, f?n is nearly T-independent and 
can be scaled neither by XoPxx nor by xo, both of which 
have a strong T-dependence above 30 K. In addition, 
although we do not show here, %o is almost strictly H- 
linear up to 12 T at T >2 K, while p xy shows a nonlinear 
if -dependence below 30 K as shown in Fig. 2(b). More- 
over the magnitude of |-Rh| above T co h is much smaller 
than those in other HF systems at high temperatures and 
in the same order to R^) at very low temperaures 

T <C T co h where the skew scattering vanishes in other HF 
systems. Thus both the amplitude and the T-dependence 
of Rh are obviously in conflict with the conventional skew 
scattering mechanism. These results lead us to conclude 
that the skew scattering in CeCoIns is negligibly small 
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and T-dependence of Rr mainly stems from the normal 
part of the Hall effect R H . The absence of skew scattering 
has also been reported in CeMIn 5 and double layered 
Ce2 Coins [2(j. At present the absence of skew scattering 
in these Ce compounds is an open question. The absence 
of the skew scattering enable us to analyze the normal 
Hall effect R B in detail. Having established the evidence 
of strongly T-dependent f?£j , which is incompatible with 
the conventional Fermi liquid theory, we move on to the 
MR. 

The MR in most conventional HF materials also shows 
a similar behavior |2l|. At very low temperature T <C 
Tk, the MR is positive due to the orbital effect. Then 
the MR decreases with temperature, changes the sign 
reaching the negative minimum at T ~ Ik/2. The neg- 
ative MR is due to the suppression of the spin-flop scat- 
tering by magnetic field. Figure 2 (a) depicts the MR, 
Ap xx (H) / p xx (0) , as a function of if. A notable MR with 
an initial positive slope are observed at all temperaures. 
At high field the MR shows a crossover from positive to 
negative. The crossover field increases with temperature. 
Below 2K the MR turns positive at very high field after 
showing a broad minimum. Thus the MR of CeCoIns 
displays a peculiar ff-dependence, which is very differ- 
ent from ordinary HF systems j2^|. The positive MR at 
very high field below 2 K is most likely to be an usual 
orbital MR due to the cyclotron motion of the electrons. 
The negative MR at high field seems to appear as a result 
of the suppression of the spin-flop scattering, similar to 
the other HF compounds. The fact that the negative MR 
can be observed even at 25 T indicates the presence of 
a characteristic energy scale of the AF fluctuation which 
corresponds to a few meV. We note that recent scaling 
argument based on the measurements of C and xo for 
Cei-aLa^CoIns suggests a presence of the new energy 
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FIG. 4: Main panel: p(= Ap xx (H) / al y {H)p 3 xx (Q)) is plotted 
as a function of T at low fields. The modified Kohler's rule 
represented by Eq.(5) well describes the data below T* ~20 K. 



FIG. 3: The Hall angle cot 9u as a function of T . For details, Inset: q(= Ap xx (H)p xx (0) / (poH) ) vs. T at various H is 



see the text. A fit by cot 9n 
and f3 = 2.39 (dashed line) 



aT^ + gives a=0.254(A" 



plotted. The strong violation of the Kohler's rule given by 
Eq.(2) is observed. 
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scale of the excitation which is an order of ~4 meV [22| . 
We believe a close relation exists between the negative 
MR and the new eregy scale suggested in Ref. [2^ . In the 
conventional Fermi liquid metals the MR should obey the 
Kohler's rule which reads 



Ap xx (H) tx 



H 2 



Pxx(0) 



(2) 



To examine this relation, we plot Ap xx (H)p xx (0)/ H 2 
against T at various H in the inset of Fig. 4. As shown 
in Fig. 4(a), this quantity is constant neither in T nor in 
H, in strong violation of Kohler's rule. 

We are now in the position to make a quantitative anal- 
ysis for the T-linear resistivity, the Hall angle cot #h oc T 2 
, and the violation of the Kohler's rule in the MR, all of 
which signal a fundamental breakdown the Fermi-liquid 
behavior. All of these peculiar transport properties re- 
minds one of high-T c cuprates. In the latter materials, 
two opposing views have been put forth to explain these 
transport properties. The first is the existence of two 
distinct relaxation time scales, each associated with the 
spinon and holon excitation in 2D Cu02-planes 0, B|- 
However, the existence of such excitations would seem 
unlikely in the present Kondo system with different elec- 
tronic structures and different ground states, though we 
cannot completely exclude this possibility. The second is 
the modification of the transport quantities arising from 
the AF spin fluctuation near the QCP. According to the 
spin fluctuation theory, the transport properties are gov- 
erned by the staggered susceptibility %Q [3 H3- F° r 
instance, p xx and Ra are given as, 



i? H ~ ±£a.F ~ XQ, 



(3) 



(4) 



where £af is the AF correlation length |24|. Since xq 
obeys the Curie- Weiss law near the QCP, \q cx 1/(T + 
@), Pxx is proportional to T and is inversely propor- 
tional to T, consistent with the present results. Moreover 
since xq generally exhibits a non-linear ff-dependence, 



in contrast to xo with a linear ii-dependence, the devia- 
tion from H- linear dependence of p xy shown in Fig. 2(b) 
is also consistent with Eq.(4). The spin fluctuation the- 
ory near the AF QCP predicts that the MR is also 
strongly influenced by yq and Kohler's rule should ac- 
cordingly be modified as |25| . 



Ap xx (H) ^ / X qH 

Pxx; (0) \Pxx(0) 



oc (p xx (0)a xy (H)) 2 (5) 



where cr xy (= p xy /(p xx + p xy )) is the Hall conductivity. 
We now examine the MR in accordance with this "mod- 
ified Kohler's rule", which well explains the MR of high- 
T c cuprates 0, 125^ . The main panel of Fig. 4 depicts 
p(= Ap xx (H)/al y (H)p 3 xx (0)) vs T at several fields. Be- 
low T* ~20 K, p is nearly constant in T and H, providing 
a support for the validity of Eq.(5). (The deviation of p 
from the high temperature value at 2.5 K is possibly due 
to the influence of the superconducting fluctuation just 
above T c or the pseudogap reported in Ref. 13] .) A strong 
deviation can be seen above T*. Thus both the Hall ef- 
fect and the MR at low field below T* in the coherent 
region are well described by Eqs.(4) and (5). 

Summarizing the salient features in the normal state 
transport properties of quasi-2D HF superconductor 
CeCoIn 5 , which is located near the QCP; (l)almost per- 
fect T-linear p xx , (2) T 2 -dependent cot0 H , (3)the MR 
which obeys a modified Kohler's rule. All of these pe- 
culiar properties are observed in the same temperature 
range between T c and T* ~ 20 K. These are new hall- 
marks of the non-Fermi liquid behavior in the transport 
property and well explained by the spin fluctuation the- 
ory near the QCP. These results also bear striking re- 
semblance to high-T c cuprates. It should be noted that 
the ground state of high-T c cuprates is a Mott insula- 
tor while the ground state of CeCoIn 5 appears to be an 
AF metal. The striking similarity between two different 
systems implies a universal excitation structure of AF 
fluctuation near the QCP, which promotes future study. 
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sions. 
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